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IHUURXVPHWDOV'XULQJODVHUEHDPZHOGLQJRIFRSSHUPDWHULDOVKLJKHQHUJ\ORVVHVDUHREVHUYHGFDXVHGE\WKHKLJK
UHIOHFWLYLW\DQGWKHKLJKWKHUPDOFRQGXFWLYLW\>@7RUHGXFHWKHHQHUJ\ORVVHVFDXVHGE\UHIOHFWLRQVODVHUUDGLDWLRQ
LQ WKH JUHHQ VSHFWUDO UDQJH FDQ EH XVHG >@ ,Q FRQWUDVW WKHUH LV QR WHFKQLFDO VROXWLRQ WR GHFUHDVH HQHUJ\ ORVVHV
FDXVHGE\WKHKLJKWKHUPDOFRQGXFWLYLW\+RZHYHUWKHWKHUPDOHIILFLHQF\FDQEHLPSURYHGE\DQDSSURSULDWHVHWWLQJ
RISURFHVVSDUDPHWHUV
7KLVSDSHUSUHVHQWVDQXPHULFDO'PRGHOWRGHWHUPLQHWKHWKHUPDOHIILFLHQF\RIDODVHUEHDPZHOGLQJSURFHVV
EDVHGRQD&)'VLPXODWLRQ7KHUHIRUHWKHLQIOXHQFHRIWKHODVHUEHDPSRZHUWKHIRFXVGLDPHWHURIWKHODVHUEHDP
DQGWKHZHOGLQJVSHHGRQWKHWKHUPDOHIILFLHQF\GXULQJODVHUEHDPZHOGLQJRIFRSSHUPDWHULDOVLVDQDO\]HG
6WDWHRIWKH$UW
2.1. Calculation of the thermal efficiency with analytical methods 
7KH WKHUPDOHIILFLHQF\ȘWK LVGHILQHGDV WKHUDWLRRI WKHSRZHU UHTXLUHG IRUPHOWLQJ WKHYROXPHRIPHWDO LQ WKH
IXVLRQ]RQH3WKDQGWKHDEVRUEHGODVHUEHDPSRZHU3$>@DQGLVGHVFULEHGE\
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ZKHUH$LVWKHDUHDRIWKHFURVVVHFWLRQRIWKHPROWHQSRROȡWKHGHQVLW\YWKHZHOGLQJVSHHGFSWKHVSHFLILFKHDW
FDSDFLW\70WKHPHOWLQJWHPSHUDWXUH7$WKHDPELHQWWHPSHUDWXUHDQGK0WKHODWHQWKHDWIRUPHOWLQJ8VLQJHTXDWLRQ
LWKDYHWREHFRQVLGHUHGWKDWWKHHQHUJ\IRUKHDWLQJWKHPDWHULDORXWVLGHRIWKHPROWHQSRRODVZHOODVWKHHQHUJ\
IRURYHUKHDWLQJWKHPROWHQSRRODUHDVVXPHGWREHHQHUJ\ORVVHV
7KHUHDUH VHYHUDODSSURDFKHV WRFDOFXODWH WKHPD[LPXPRI WKH WKHUPDOHIILFLHQF\GXULQJ ODVHUEHDPZHOGLQJ$OO
PRGHOV EDVH RQ WKH KHDW FRQGXFWLRQ HTXDWLRQV DQG DUH XVHG WR FDOFXODWH WKHPHOWLQJ DUHD 7R REWDLQ WKH WKHUPDO
HIILFLHQF\GXULQJDKHDWFRQGXFWLRQZHOGLQJSURFHVVWKHSRLQWVRXUFHPRGHOLVVXLWDEOH>@,QWKLVPRGHODVHPL
LQILQLWH ERG\ LV DVVXPHG 7KH ODVHU HQHUJ\ LV DSSOLHG SRLQWZLVH DQG WKH VRXUFH LV PRYHG RQ WKH VXUIDFH RI WKH
ZRUNSLHFH7KHKHDWFRQGXFWLRQSURSDJDWHVLQUDGLDOGLUHFWLRQLQWKHPRGHOVRWKHPHOWLQJDUHDFDQEHGHVFULEHGE\
DKDOIFLUFOHDQGFDOFXODWHGIRUDVWDWLRQDU\VWDWH7KHUHIRUHWKHWKHRUHWLFDOWKHUPDOHIILFLHQF\UHVXOWVLQDPD[LPXP
RI)RUFDOFXODWLQJWKHWKHUPDOHIILFLHQF\GXULQJDIXOOSHQHWUDWLRQZHOGLQJSURFHVVDPRYLQJOLQHVRXUFHFDQ
EHXVHG>@,QWKLVFDVHWKHKHDWFRQGXFWLRQLQWKHQRUPDOGLUHFWLRQWRWKHVXUIDFHLVLQVLJQLILFDQWVRWKDWRQO\KHDW
FRQGXFWLRQLQUDGLDOGLUHFWLRQWRWKHOLQHVRXUFHKDVWREHFRQVLGHUHG7KLVOHDGVWRDUHFWDQJXODUFURVVVHFWLRQRIWKH
PROWHQSRROZLWKDPD[LPXPWKHRUHWLFDOWKHUPDOHIILFLHQF\RI
6:,)7+22.$1'*,&. >@ XVH DQRUPHG DQGGLPHQVLRQOHVVZHOGLQJ VSHHG DQGSRZHU IRU WKH FDOFXODWLRQRI WKH
WKHUPDOHIILFLHQF\%\DVVXPLQJDPRYLQJOLQHVRXUFHWKH\FRXOGDOVRGHWHUPLQHDPD[LPXPWKHUPDOHIILFLHQF\RI

7RLQFRUSRUDWHWKHGLPHQVLRQDQGWKHVKDSHRIWKHNH\KROHDQLQWHJUDWHGSRLQWVRXUFHPRGHOZDVXVHGE\&+$1*(7
$/>@7KLVPRGHOLVEDVHGRQWKHLGHDWKDWHDFKSRLQWRIWKHNH\KROHVXUIDFHFDQEHGHVFULEHGDVDSRLQWVRXUFH
8VLQJWKLVPRGHODSDUDEROLFFURVVVHFWLRQFRXOGEHREWDLQHGVLQFHWKHGLIIHUHQWLVRWKHUPVRIHDFKSRLQWVRXUFHDUH
RYHUODSSLQJ7KLVSURYLGHVDOVRDPD[LPXPWKHRUHWLFDOWKHUPDOHIILFLHQF\RI
$OORIWKHVHPRGHOVDUHEDVHGRQDQDO\WLFFRQVLGHUDWLRQVUHJDUGLQJKHDWFRQGXFWLRQ7KH\GRQRWLQFOXGHIOXLGIORZ
DQGODWHQWKHDWDQGWKH\KDYHDOLPLWHGYDOLGLW\LQWHUPVRIWKHZHOGLQJVSHHG7RWDNHWKLVLQWRDFFRXQWQXPHULFDO
PRGHOVFDQEHXVHGWRFDOFXODWHWKHPROWHQSRROJHRPHWU\7KHVHPRGHOVDUHLQWURGXFHGEHORZ
2.2. Numerical process models 
$FRPPRQPHWKRGIRUWKHQXPHULFDOVLPXODWLRQRIODVHUEHDPZHOGLQJSURFHVVHVLVWKH9ROXPHRI)OXLGPHWKRG
92) 7KLV PHWKRG DOORZV WR VLPXODWH WKH IRUPDWLRQ RI D NH\KROH 7R LQFOXGH WKH ZHOGLQJ VSHHG D WKUHH
GLPHQVLRQDOPRGHOPXVW EH XVHG7KLV HQDEOHV WKH GHWHUPLQDWLRQ RI WKHPROWHQ SRROV FURVV VHFWLRQ GXULQJ ODVHU
EHDPZHOGLQJ >  @ 6LQFH WKHPDLQ IRFXV RI WKHVHPRGHOV LV RQ WKH IRUPDWLRQ RI WKH NH\KROH WKH\ DUH YHU\
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FRPSOH[DQGDVVRFLDWHGZLWKDYHU\ORQJFRPSXWLQJWLPH7RREWDLQWKHWKHUPDOHIILFLHQF\RQO\WKHFURVVVHFWLRQRI
WKHPROWHQSRROKDVWREHLGHQWLILHG)RUWKLVSXUSRVHDQXPHULFDOPRGHOZLWKDSUHGHILQHGNH\KROHJHRPHWU\FDQEH
DSSOLHG
7RHYDOXDWHWKHLPSDFWRIHOHFWURPDJQHWLFVWLUULQJRQWKHHOHPHQWGLVWULEXWLRQLQODVHUEHDPZHOGLQJ*$7=(1(7
$/>@XVHGDQXPHULFDOPRGHOZLWKDSUHGHILQHGNH\KROHJHRPHWU\7KHIROORZLQJVLPSOLILFDWLRQVDUHDVVXPHG

x /DPLQDUDQGLQFRPSUHVVLEOHIOXLGIORZ
x 3UHGHILQHGNH\KROHDQGPRGHOJHRPHWU\
x (YDSRUDWLRQWHPSHUDWXUHDWWKHNH\KROHVXUIDFH
x &RQVLGHUDWLRQRIWKHPHOWHQWKDOS\XVLQJDPRGLILHGKHDWFDSDFLW\

7KH 0DUDQJRQL FRQYHFWLRQ WKH IOXLG IORZ LQ WKH OLTXLG SKDVH GULYHQ E\ WKH PHWDO YDSRU DQG WKH WKHUPDO
FRQYHFWLRQ DUH FRQVLGHUHG LQ WKLV PRGHO ,W ZDV VKRZQ WKDW WKH YDSRU GULYHQ IOXLG IORZ DQG WKH 0DUDQJRQL
FRQYHFWLRQKDYHDPDMRULQIOXHQFHRQWKHJHRPHWU\RIWKHPROWHQSRRO%RWKHIIHFWVUHVXOWLQDZLGHUPROWHQSRRORI
WKHVXUIDFH
%$&+0$11(7$/ >@ DQDO\]HG WKH HIIHFW RI RVFLOODWLQJPDJQHWLF ILHOGV RQ WKH SURFHVV VWDELOLW\ GXULQJ ODVHU
EHDPZHOGLQJRIQRQPDJQHWLFPDWHULDOV)RUWKLVSXUSRVHDQXPHULFDOPRGHOZLWKDSUHGHILQHGNH\KROHJHRPHWU\
ZDVXVHG,QWKLVPRGHOWKHWKHUPDODQGWKH0DUDQJRQLFRQYHFWLRQDUHFRQVLGHUHGZKLOHWKHIOXLGIORZLQGXFHGE\
WKH RXWIORZRI WKHPHWDO YDSRURI WKHNH\KROH LV QHJOHFWHG ,WZDV VKRZQ WKDW WKH WKHUPDO FRQYHFWLRQGULYHQE\
GHQVLW\GLIIHUHQFHVKDVDYHU\VPDOOLQIOXHQFHRQWKHPHOWLQJ]RQH
2EMHFWLYHDQG$SSURDFK
$V VKRZQ DERYH WKHUH DUH GLIIHUHQW DQDO\WLFDO PRGHOV WR GHWHUPLQH WKH WKHUPDO HIILFLHQF\ GXULQJ NH\KROH
ZHOGLQJ7KHVHPRGHOVRSHUDWHZLWKVLJQLILFDQWVLPSOLILFDWLRQVIRUWKHKHDWVRXUFHDQGZLWKRXWFRQVLGHULQJWKHIOXLG
IORZLQWKHPROWHQSRRO'XHWRWKHKLJKUHIOHFWLYLW\RIFRSSHUPDWHULDOVIRULQIUDUHGODVHUUDGLDWLRQRIFRPPRQODVHU
EHDPVRXUFHVOLNHILEHUODVHURUGLVNODVHUVDQDSSURSULDWHGHWHUPLQDWLRQRIWKHZHOGLQJSDUDPHWHUVLVLPSRUWDQWWR
JXDUDQWHHDQHIILFLHQWZHOGLQJSURFHVV)RUWKLVUHDVRQDQXPHULFDODSSURDFKWRSUHGLFWWKHWKHUPDOHIILFLHQF\RID
NH\KROHZHOGLQJSURFHVVGHSHQGLQJRQWKHNH\KROHJHRPHWU\DQGWKHZHOGLQJYHORFLW\LVSUHVHQWHG
7KHQXPHULFDOPRGHO LVEDVHGRQDKHDW LQSXWE\DSUHGHILQHGVWDWLRQDU\NH\KROHJHRPHWU\DQGLQFOXGHVERWK
WKUHHGLPHQVLRQDO KHDW FRQGXFWLRQ DQG IOXLG IORZ ,Q DGGLWLRQ WKHUPDO FRQYHFWLRQ 0DUDQJRQL FRQYHFWLRQ DQG
FRQYHFWLRQ FDXVHG E\ PHWDO YDSRU ZKLFK VWUHDPV RXW RI WKH FDSLOODU\ DUH FRQVLGHUHG )RU PRGHOLQJ WKH SKDVH
WUDQVIRUPDWLRQDQGWKHIOXLGIORZWHPSHUDWXUHGHSHQGHQWPDWHULDOSURSHUWLHVDUHWDNHQLQWRDFFRXQW,QDQH[WVWHS
WKH QXPHULFDO PRGHO ZDV YDOLGDWHG E\ FRPSDULVRQ ZLWK H[SHULPHQWDO DQDO\VLV )LQDOO\ WKH FDOFXODWLRQ DQG
HYDOXDWLRQRIWKHWKHUPDOHIILFLHQF\GXULQJODVHUZHOGLQJRIFRSSHUPDWHULDOXVLQJWKHQXPHULFDOPRGHOLVSUHVHQWHG
IRUGLIIHUHQWSURFHVVSDUDPHWHUV
1XPHULFDOPRGHO
4.1. Basic equations 
5HJDUGLQJDODPLQDUDQGLQFRPSUHVVLEOHIOXLGIORZWKHFRQVHUYDWLRQHTXDWLRQVRIPDVVPRPHQWXPDQG
HQHUJ\QHHGWREHVROYHGLQWKHVROLGDQGOLTXLGSKDVHDQGWKH\FDQEHZULWWHQDVIROORZV
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ȡGHVFULEHVWKHGHQVLW\u& WKHYHORFLW\YHFWRU k
&
WKHYROXPHIRUFHSWKHSUHVVXUHȘWKHG\QDPLFYLVFRVLW\ȜWKH
WKHUPDOFRQGXFWLYLW\7WKHWHPSHUDWXUHZ WKHKHDWVRXUFHGHQVLW\DQGFSWKHVSHFLILFKHDWFDSDFLW\7KHVHSDUDWLRQ
RIWKHVROLGDQGOLTXLGSKDVHLVFRQWUROOHGE\WKHWHPSHUDWXUHGHSHQGHQWG\QDPLFYLVFRVLW\Ș)RUWKHVROLGSKDVHD
KLJKYDOXHLVXVHGIRUWKHG\QDPLFYLVFRVLW\KHQFHWKHIOXLGUHDFWVOLNHDVROLG
4.2. Implemented fluid convections 
%HVLGHVWKHKHDWFRQGXFWLRQDOVRWKHIOXLGIORZLVFRQVLGHUHGIRUWKHFDOFXODWLRQRIWKHJHRPHWU\RIWKHPROWHQ
SRRO7KHIOXLGIORZLQWKHPROWHQSRROLVGULYHQE\WKHIROORZLQJHIIHFWV

x 7KHUPDOFRQYHFWLRQ
x 0DUDQJRQLFRQYHFWLRQ
x &RQYHFWLRQWKURXJKHPHUJLQJPHWDOYDSRULQWKHNH\KROH
x )OXLGIORZDURXQGWKHNH\KROH

:KLOHWKHWKHUPDODQGWKH0DUDQJRQLFRQYHFWLRQDVZHOODVWKHFRQYHFWLRQGULYHQE\HPHUJLQJPHWDOYDSRULQWKH
NH\KROHKDYH WREH LPSOHPHQWHGXVLQJ VSHFLDO ERXQGDU\FRQGLWLRQV WKH IOXLG IORZDURXQG WKHNH\KROHRFFXUVE\
LWVHOILIDZHOGLQJYHORFLW\LVFRQVLGHUHG
Thermal convection 
,QWKHEDVLFHTXDWLRQV±DFRQVWDQWDQGWHPSHUDWXUHLQGHSHQGHQWGHQVLW\LVDVVXPHG7KHUHIRUHQRWKHUPDO
FRQYHFWLRQZRXOGRFFXU1HYHUWKHOHVVWKLVFRQYHFWLRQLVWDNHQLQWRDFFRXQWE\DYROXPHIRUFH thermalk
&
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ZKHUHD LVWKHWKHUPDOFRHIILFLHQWRIH[SDQVLRQ70WKHPHOWLQJWHPSHUDWXUHDQG g
& WKHJUDYLW\FRQVWDQW
Marangoni convection 
,QGXFHGE\GLIIHUHQWWHPSHUDWXUHVDJUDGLHQWLQWKHVXUIDFHWHQVLRQRFFXUVZKLFKOHDGVWRDVWUHVVDWWKHVXUIDFHRI
WKHPROWHQSRRO$VDFRQVHTXHQFHRIWKDWDIOXLGIORZLQWKHGLUHFWLRQRIWKHKLJKHUVXUIDFHWHQVLRQRFFXUV>@7KLV
LVNQRZQDVWKH0DUDQJRQLFRQYHFWLRQ7KHVWUHVV MKW
& FDQEHGHVFULEHGE\
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)RUSXUHVXEVWDQFHVWKHJUDGLHQWRIWKHVXUIDFHWHQVLRQJ LVFRQVWDQW\7 FRQVWDQWVRWKDWRQO\WKHJUDGLHQW
RI WKH WHPSHUDWXUH KDV WR EH NQRZQ IRU FDOFXODWLQJ WKH VWUHVV >@7KLV VWUHVV LV LPSOHPHQWHG LQ WKHPRGHO DV D
ERXQGDU\FRQGLWLRQRQWKHWRSRIWKHPROWHQSRRODVDZHDNFRQWULEXWLRQLQWKHHTXDWLRQRIWKHFRQVHUYDWLRQRIWKH
PRPHQWXP
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Convection induced by evaporation of metal 
7KHPDWHULDOLQWKHNH\KROHLVYDSRUL]HGFRQWLQXRXVO\7KHPHWDOYDSRUVWUHDPVXSZDUGVZLWKLQWKHNH\KROHDQG
JHQHUDWHVDVWUHVVRQ WKHNH\KROHVZDOO)RUD ODPLQDUSLSH IORZE\+DJHQ3RLVHXLOOH >@DQGZLWK WKH1HZWRQ
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
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8VLQJHTXDWLRQVDQGWKHVKHDUVWUHVVĲFDQEHFDOFXODWHGDQGLPSOHPHQWHGDWWKHERXQGDU\RIWKHNH\KROH
DVDZHDNFRQWULEXWLRQLQWKHHTXDWLRQRIWKHFRQVHUYDWLRQRIPRPHQWXP
4.3. Model dimension and mesh 
7KHPRGHOFRQVLVWVRIDFXERLGZLWKDOHQJWKRIPPDZLGWKRIPPDQGDKHLJKWRIPP7KHNH\KROHLV
SUHGHILQHGDQGFRQVLVWVRIDIUXVWXPIRUWKHERG\DQGDKDOIVSKHUHIRUWKHJURXQG7KHIUXVWXPKDVDQXSSHUUDGLXV
RIUWRS7KHUDGLXVRQWKHJURXQGRIWKHIUXVWXPLVUJURXQG ÂUWRSZKLFKDOVRGHILQHVWKHUDGLXVRIWKHKDOIVSKHUH
7KH FRPSOHWH GHSWK RI WKH NH\KROH LV QDPHG W.+ )RUPHVKLQJ WKHPRGHO LV SDUWLWLRQHG LQ WZR DUHDV %RWK DUH
PHVKHGZLWKXQVWUXFWXUHGWHWUDKHGURQHOHPHQWV:KLOHWKHDUHDDURXQGWKHNH\KROHKDVDILQHPHVKZLWKDPLQLPDO
HOHPHQW VL]HRIPPDQG DPD[LPDO HOHPHQW VL]HRIPP WKH UHPDLQLQJ DUHDRI WKHPRGHOKDV D FRDUVH
PHVKZKLFKIXOILOVWKHUHTXLUHPHQWVIRUWKHKHDWWUDQVIHUFDOFXODWLRQLQWKHVROLGSKDVH
4.4. Boundary Conditions 
8VLQJERXQGDU\FRQGLWLRQVWKHHQHUJ\LQSXWDVZHOODVWKHZHOGLQJYHORFLW\FDQEHLPSOHPHQWHGLQWKHPRGHO,Q
)LJXUH  WKH DVVLJQPHQW RI WKH ERXQGDU\ QXPEHUV LQ WKHPRGHO DVZHOO DV WKH UHODWHG ERXQGDU\ FRQGLWLRQV DUH
VKRZQ





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)LJ%RXQGDU\FRQGLWLRQVIRUWKHQXPHULFDOPRGHOOHIWDQGWKHDVVLJQPHQWRIWKHERXQGDU\QXPEHUVLQWKHPRGHOULJKW

7R FRQVLGHU WKH ZHOGLQJ YHORFLW\ WKH ERXQGDU\  LV GHILQHG DV DQ LQIORZ ZLWK D SUHVFULEHG YHORFLW\ 7KH
WHPSHUDWXUHRIWKLVERXQGDU\LVVHWWRWKHDPELHQWWHPSHUDWXUH$WERXQGDU\GHILQHGDVDQRXWIORZDK\GURVWDWLF
SUHVVXUHLVDVVXPHG1RPDWHULDOIORZDQGQRKHDWWUDQVIHUSHUSHQGLFXODUWRWKHVXUIDFHDUHSHUPLWWHGDWERXQGDULHV
±7KHHQHUJ\LVDSSOLHGE\DWHPSHUDWXUHFRQVWUDLQWDWWKHVXUIDFHRIWKHNH\KROH7KHUHIRUHWKHERXQGDU\LV
VHWWRWKHHYDSRUDWLRQWHPSHUDWXUH79RIWKHFRSSHUPDWHULDO
4.5. Material data 
7DEOH0DWHULDOSURSHUWLHVRIFRSSHUXVHGLQWKHVLPXODWLRQO OLTXLGV VROLG>@>@
0DWHULDOSURSHUW\ 9DOXH 8QLW
0HOWLQJWHPSHUDWXUH70  .
(YDSRUDWLRQWHPSHUDWXUH79  .
'HQVLW\LQWKHVROLGSKDVHȡV
'HQVLW\LQWKHOLTXLGSKDVHȡODW7 70
([SDQVLRQFRHIILFLHQWĮ
/DWHQWKHDWK0
6SHFLILFKHDWFDSDFLW\LQWKHVROLGSKDVHFSV
6SHFLILFKHDWFDSDFLW\LQWKHOLTXLGSKDVHFSO
7KHUPDOFRQGXFWLYLW\Ȝ
6XUIDFHWHQVLRQFRHIILFLHQWȖDW7 79
*UDGLHQWRIWKHVXUIDFHWHQVLRQ\7
'\QDPLFYLVFRVLW\Ș0D[IRU770
'\QDPLFYLVFRVLW\Ș
5HDFWLRQQXPEHU.












NJP
NJP
NJP.
N-NJ
-NJ.
-NJ.
:P.
1P
P1P.
3DV
P3DV
.


7KH EDVLF PDWHULDO SURSHUWLHV XVHG LQ WKH SUHVHQWHGPRGHO DUH OLVWHG LQ 7DEOH  7KH WKHUPDO FRQGXFWLYLW\ LV
DVVXPHGWREHWHPSHUDWXUHLQGHSHQGHQWLQWKHVROLGDVZHOODVLQWKHOLTXLGSKDVH7RFRQVLGHUWKHODWHQWKHDWGXULQJ
WKHSKDVHFKDQJHEHWZHHQWKHVROLGDQGWKHOLTXLGSKDVHWKHVSHFLILFKHDWFDSDFLW\FSLVPRGLILHG>@7KHUHIRUH
WKH ODWHQWKHDW LV DGGHG WR WKH VSHFLILFKHDW E\ DQRUPDOGLVWULEXWLRQRYHU D WHPSHUDWXUH DUHDRIÂį77KXV WKH
PRGLILHGKHDWFDSDFLW\LVJLYHQE\
1XPEHU %RXQGDU\ 9HORFLW\ 7HPSHUDWXUH
 ,QIORZ ݑሬԦ ൌ ݒ଴ሬሬሬሬԦ 7 .



2XWIORZ
/DWHUDOVXUIDFHV
.H\KROHVXUIDFH
+\GURVWDWLFSUHVVXUH
ݑሬԦ ή  ሬ݊Ԧ ൌ Ͳ
ݑሬԦ ή ሬ݊Ԧ ൌ Ͳ
െሬ݊Ԧ ή ሺߣ׏ܶሻ ൌ Ͳ
െሬ݊Ԧ ή ሺߣ׏ܶሻ ൌ Ͳ
7 79
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)RUWHPSHUDWXUHVEHORZWKHPHOWLQJWHPSHUDWXUH70WKHG\QDPLFYLVFRVLW\LVIL[HGWRWKHYDOXHȘ0D[WRVXSSUHVV
IOXLG IORZ )RU DUHDVZLWK WHPSHUDWXUHV DERYH WKHPHOWLQJ WHPSHUDWXUH WKH G\QDPLF YLVFRVLW\ LVGHVFULEHG E\ DQ
$UUKHQLXVW\SHHTXDWLRQZKLFKFRQVLGHUVWKHWHPSHUDWXUHGHSHQGHQFHXVLQJWKHUHDFWLRQQXPEHU.>@
4.6. Determination of the thermal efficiency 
7RGHWHUPLQHWKHWKHUPDOHIILFLHQF\ILUVWWKHLVRVXUIDFHDWWKHPHOWLQJWHPSHUDWXUHKDVWREHFDOFXODWHGXVLQJWKH
QXPHULFDO PRGHO ZLWK D WLPH GHSHQGHQW VROYHU ,W ZDV VKRZQ WKDW VWHDG\ VWDWH FRQGLWLRQV DUH UHDFKHG DIWHU D
VLPXODWLRQ WLPHRIPV7KH LVRVXUIDFH DW WKHPHOWLQJ WHPSHUDWXUH FDQEH LGHQWLILHGXVLQJ WKH VROXWLRQRI WKLV
VWDWH 7KLV VXUIDFH LV SURMHFWHG RQWR D SODQH ZKLFK LV SHUSHQGLFXODU WR WKH ZHOGLQJ GLUHFWLRQ 7KLV SURMHFWLRQ
FRUUHVSRQGVWRWKHGLPHQVLRQRIWKHPROWHQSRROZKLFKFDQEHREWDLQHGXVLQJDFURVVVHFWLRQ7KHDEVRUEHGSRZHU
3KDV WREHNQRZQ WRFDOFXODWH WKH WKHUPDO HIILFLHQF\E\ WKHXVHRI HTXDWLRQ 7KLVSRZHU LV FDOFXODWHGE\DQ
LQWHJUDWLRQRIWKHKHDWIORZRYHUWKHVXUIDFHRIWKHNH\KROH
5HVXOWVDQG'LVFXVVLRQ
5.1. Validation of the model 
,Q RUGHU WR YDOLGDWH WKH QXPHULFDO PRGHO H[SHULPHQWDO DQDO\VLV ZHUH FDUULHG RXW 7KH H[SHULPHQWDO VHWXS
SUHVHQWHG LQ *$16(5 (7 $/ >@ ZDV XVHG WR GHWHUPLQH WKH WKHUPDO HIILFLHQF\ GXULQJ ODVHU ZHOGLQJ RI FRSSHU
PDWHULDO&:$7KHUHIOHFWHGSRZHURI WKH ODVHU UDGLDWLRQZDVHYDOXDWHGXVLQJDUDGLDWLRQDQDO\]HU7KHFURVV
VHFWLRQDUHDRIWKHZHOGVHDPZDVPHDVXUHGWRFDOFXODWHWKHWKHUPDOHIILFLHQF\
7KHQXPHULFDOPRGHOZDVFDOLEUDWHGLQWKHQH[WVWHS7KHUHIRUHWKHPHOWLQJLVRWKHUPZDVLGHQWLILHGDVGHVFULEHG
DERYH7KHNH\KROHJHRPHWU\ZDVDGDSWHGLQDVWHSZLVHIDVKLRQLQZLGWKDQGGHSWKWRFKDQJHWKHFXUYHRIWKHPHOW
LVRWKHUPXQWLOWKHEHVWILWZLWKWKHFURVVVHFWLRQIURPWKHH[SHULPHQWZDVDFKLHYHG)LJXUHVKRZVWKHFURVVVHFWLRQ
RIDZHOGVHDPZHOGHGZLWK3 N:DQGY PPLQOHIWDQG WKH UHVXOWRI WKHFDOLEUDWLRQRI WKHQXPHULFDO
PRGHOIRUWKHVHZHOGLQJSDUDPHWHUVULJKW

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)LJ&RPSDULVRQRIWKHPHOWLVRWKHUPVRIWKHZHOGLQJSURFHVVOHIWDQGWKHQXPHULFDOVLPXODWLRQULJKW3 N:Y PPLQ

$IWHU WKHFDOLEUDWLRQ WKH VHDPZLGWK WKHZHOGLQJGHSWK DQG WKHFURVV VHFWLRQZHUH LQJRRGDJUHHPHQW WR WKH
H[SHULPHQWDO UHVXOWV VHH7DEOH:LWK UHVSHFW WR WKH WKHUPDOHIILFLHQF\ WKHFDOFXODWLRQEDVHGRQ WKHQXPHULFDO
PRGHOVHHVHFWLRQVKRZVDFORVHPDWFKWRWKHH[SHULPHQWDOUHVXOWVRI*$16(5(7$/>@
 7DEOH5HVXOWVRIWKHYDOLGDWLRQRIWKHQXPHULFDOPRGHO
0HDVXUHGYDULDEOH ([SHULPHQW>@ 1XPHULFDOPRGHO
$EVRUEHGODVHUSRZHU : :
:HOGLQJGHSWK PP PP
6HDPZLGWK
&URVVVHFWLRQDUHD
7KHUPDOHIILFLHQF\
PP
PP

PP
PP

5.2. Influence of the welding velocity and the keyhole geometry on the thermal efficiency 
7KHLQIOXHQFHRIWKHZHOGLQJYHORFLW\WKHNH\KROHGLDPHWHUDQGWKHNH\KROHGHSWKRQWKHWKHUPDOHIILFLHQF\ZDV
DQDO\]HG XVLQJ WKH SUHVHQWHG QXPHULFDO PRGHO )RU WKLV SXUSRVH D IXOO IDFWRULDO GHVLJQ RI VLPXODWLRQ UXQV ZDV
FDUULHGRXW7KHSDUDPHWHUVIRUWKHVHLQYHVWLJDWLRQVDUHOLVWHGLQ7DEOH

 7DEOH5HVXOWVRIWKHYDOLGDWLRQRIWKHQXPHULFDOPRGHO
3DUDPHWHU 9DOXHV 8QLW
:HOGLQJYHORFLW\  PPLQ
.H\KROHGLDPHWHU  P
.H\KROHGHSWK  PP

7KHGHSHQGHQFHRI WKH WKHUPDO HIILFLHQF\RQ WKHZHOGLQJYHORFLW\ IRUGLIIHUHQWNH\KROHGLDPHWHUV LV VKRZQ LQ
)LJXUHOHIW$VWURQJLQFUHDVHRI WKHHIILFLHQF\IRUKLJKHUZHOGLQJYHORFLWLHVFDQEHREVHUYHG7KLVILJXUHDOVR
VKRZVD VPDOO LQFUHDVHRI WKHHIILFLHQF\ IRUDQ LQFUHDVLQJ IRFXVGLDPHWHU$OO VLPXODWLRQ UXQV VKRZQ LQ)LJXUH
OHIWZHUHFDUULHGRXWDWWKHVDPHNH\KROHGHSWKZKLFKH[SODLQVWKHVHUHVXOWV$VPDOOHUEHDPZDLVWZLWKWKHVDPH
ODVHUSRZHUZRXOGOHDGWRDGHHSHUNH\KROH7KXVWKHWKHUPDOHIILFLHQF\ZRXOGEHLQFUHDVHGDVVKRZQLQ)LJXUH
ULJKW$JDLQRIWKHWKHUPDOHIILFLHQF\FDQEHLGHQWLILHGDWKLJKHUDEVRUEHGSRZHUV7KLVLQFUHDVHRIWKHDEVRUEHG
SRZHUKDSSHQVEHFDXVHRIDQLQFUHDVHGNH\KROHGHSWK

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)LJ7KHUPDOHIILFLHQF\RYHUZHOGLQJVSHHGIRUDQDVVXPHGNH\KROHGHSWKRIPPOHIWDQGWKHWKHUPDOHIILFLHQF\RYHUDEVRUEHGSRZHU
IRUDIRFXVGLDPHWHUGI ȝPULJKW$VVRFLDWHGUHVXOWVDUHFRQQHFWHGE\OLQHDUOLQHVIRULOOXVWUDWLRQSXUSRVHV
6XPPDU\
$QXPHULFDOPRGHOZDVSUHVHQWHGZKLFKHQDEOHV WKH HYDOXDWLRQRI WKH WKHUPDO HIILFLHQF\GXULQJ D ODVHUGHHS
SHQHWUDWLRQZHOGLQJSURFHVV$&)'VLPXODWLRQZDVXVHGWRFDOFXODWHWKHLVRVXUIDFHDWWKHPHOWLQJWHPSHUDWXUHRI
WKHPHWDO%DVHGRQWKLV LVRVXUIDFH WKHWKHUPDOHIILFLHQF\ZDVFDOFXODWHG7KHIOXLGIORZDURXQGDSUHGHWHUPLQHG
YDSRU FDSLOODU\ZDV FRQVLGHUHG DVZHOO DV WKH WKHUPDO FRQYHFWLRQ WKH0DUDQJRQL FRQYHFWLRQ DQG WKH FRQYHFWLRQ
GULYHQE\HPHUJLQJPHWDOYDSRU'HSHQGLQJRQ WKHZHOGLQJYHORFLW\DQG WKHJHRPHWU\RI WKHYDSRUFDSLOODU\ WKH
WKHUPDOHIILFLHQF\ZDVGHWHUPLQHG,WFRXOGEHVKRZQ WKDWKLJKHUZHOGLQJYHORFLWLHVDQGGHHSHUYDSRUFDSLOODULHV
LQFUHDVHWKHWKHUPDOHIILFLHQF\GXULQJNH\KROHZHOGLQJ

$FNQRZOHGJHPHQWV
7KLV SDSHU LV EDVHG RQ LQYHVWLJDWLRQV RI WKH SURMHFW 5H/D7L6 ³7UDQVLHQW VSDWLDO UHIOHFWLRQ RI WKH ODVHU EHDP
GXULQJODVHUGHHSZHOGLQJ´ZKLFKLVNLQGO\VXSSRUWHGE\WKH*HUPDQ5HVHDUFK)RXQGDWLRQ')*
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